We recently demonstrated that the product of the HERV-W env gene, a retroviral envelope protein also dubbed syncytin, is a highly fusogenic membrane glycoprotein inducing the formation of syncytia on interaction with the type D mammalian retrovirus receptor. In addition, the detection of HERV-W Env protein (Env-W) expression in placental tissue sections led us to propose a role for this fusogenic glycoprotein in placenta formation. To evaluate this hypothesis, we analyzed the involvement of Env-W in the differentiation of primary cultures of human villous cytotrophoblasts that spontaneously differentiate by cell fusion into syncytiotrophoblasts in vitro. First, we observed that HERV-W env mRNA and glycoprotein expression are colinear with primary cytotrophoblast differentiation and with expression of human chorionic gonadotropin (hCG), a marker of syncytiotrophoblast formation. Second, we observed that in vitro stimulation of trophoblast cell fusion and differentiation by cyclic AMP is also associated with a concomitant increase in HERV-W env and hCG mRNA and protein expression. Finally, by using specific antisense oligonucleotides, we demonstrated that inhibition of Env-W protein expression leads to a decrease of trophoblast fusion and differentiation, with the secretion of hCG in culture medium of antisense oligonucleotide-treated cells being decreased by fivefold. Taken together, these results strongly support a direct role for Env-W in human trophoblast cell fusion and differentiation.
We recently demonstrated that the product of the HERV-W env gene, a retroviral envelope protein also dubbed syncytin, is a highly fusogenic membrane glycoprotein inducing the formation of syncytia on interaction with the type D mammalian retrovirus receptor. In addition, the detection of HERV-W Env protein (Env-W) expression in placental tissue sections led us to propose a role for this fusogenic glycoprotein in placenta formation. To evaluate this hypothesis, we analyzed the involvement of Env-W in the differentiation of primary cultures of human villous cytotrophoblasts that spontaneously differentiate by cell fusion into syncytiotrophoblasts in vitro. First, we observed that HERV-W env mRNA and glycoprotein expression are colinear with primary cytotrophoblast differentiation and with expression of human chorionic gonadotropin (hCG), a marker of syncytiotrophoblast formation. Second, we observed that in vitro stimulation of trophoblast cell fusion and differentiation by cyclic AMP is also associated with a concomitant increase in HERV-W env and hCG mRNA and protein expression. Finally, by using specific antisense oligonucleotides, we demonstrated that inhibition of Env-W protein expression leads to a decrease of trophoblast fusion and differentiation, with the secretion of hCG in culture medium of antisense oligonucleotide-treated cells being decreased by fivefold. Taken together, these results strongly support a direct role for Env-W in human trophoblast cell fusion and differentiation.
In humans, fetal cytotrophoblasts play a key role both in the embryo implantation process and in placental development. In early pregnancy, mononuclear cytotrophoblasts proliferate and invade the maternal endometrium to form the anchoring villi (4, 14) . Cytotrophoblasts also fuse and differentiate into a continuous layer of multinucleated syncytiotrophoblast. This cell layer, which covers the chorionic villi, is bathed by maternal blood in the intervillous spaces from early gestation (31, 34) . The syncytiotrophoblast layer plays a major role throughout pregnancy, since it is the site of numerous placental functions including ion and nutrient exchange and the synthesis of steroid and peptide hormones required for fetal growth and development (13, 33) . Some of these hormones, such as human chorionic gonadotropin (hCG) and human placental lactogen, are specific to pregnancy and can be used as markers of syncytium formation (20, 22) .
It has been established both in vivo and in vitro that the syncytiotrophoblast layer arises from the differentiation and fusion of mononuclear cytotrophoblasts. Isolated mononuclear cytotrophoblasts aggregate and fuse to form a nonproliferative multinucleated syncytiotrophoblast which synthesizes and secretes specific hormones required for fetal development (2, 25) . This cytotrophoblast differentiation is stimulated in vitro by a number of factors such as growth factors (epidermal growth factor, granulocyte-macrophage colony-stimulating factor) and hormones (hCG, estradiol, and dexamethasone). We recently demonstrated the direct involvement of cyclic AMP (cAMP)-dependent protein kinase (24) and oxidative stress related to the overexpression of copper zinc superoxide dismutase (15, 16) in the modulation of trophoblast cell fusion and differentiation.
Evidence has recently accumulated suggesting that endogenous retroviral gene expression may be involved in mediating the cell fusion observed in the placenta. Indeed, high expression of retroviruses is one of the characteristics of the human syncytiotrophoblast (21, 23) . The observation of retroviral particles in the placenta, along with the presence of fused placental cells morphologically reminiscent of virally induced syncytia, led to the proposal that an ancient retroviral infection may have been a pivotal event in mammalian evolution (21) . In connection with this, we previously characterized the HERV-W family by screening a placental cDNA library (5) . Surprisingly, this multicopy family contains a unique locus, termed ERVWE1, coding for a full-length envelope (43) . The presence of inactivating mutations in the other viral genes borne by the ERVWE1 provirus led us to propose that Env function has been selectively preserved (5) . We recently demonstrated that the product of the HERV-W env gene (Env-W) is a highly fusogenic membrane glycoprotein that induces the formation of syncytia on interaction with the type D mammalian retrovirus receptor (7) . This property and the detection of Env-W in placental tissue sections (6, 7) led us to further investigate the role of HERV-W Env in placental development. Such a role was indeed supported by the observation that a rabbit polyclonal antibody raised against a mixture of Env-W peptides was able to partially inhibit heterologous fusion between the choriocarcinoma BeWo cell line and COS reporter cells (30) . Nevertheless, the relevance of the BeWo choriocarcinoma model of human placental trophoblasts may be questioned. Reports suggesting a role for the ERV-3 envelope protein (produced by the single-copy human endogenous retrovirus ERV-3) in proliferation and differentiation of BeWo cells (27, 28) were weakened by the observation of the physiological knockout of the ERV-3 envelope (lacking both the fusion peptide and the immunosuppressive domain) in 1% of the Caucasian population (11) . This strongly suggests that no essential function in placentation is associated with the expression of the ERV-3 envelope protein (37) as was previously suggested (40) . In this study, we have analyzed the involvement of Env-W in the differentiation of primary cultures of human villous cytotrophoblasts that spontaneously differentiate in vitro by cell fusion into syncytiotrophoblasts. We found that expression of HERV-W env mRNA and glycoprotein is colinear with primary cytotrophoblast differentiation and that a factor regulating the primary trophoblast differentiation also regulates HERV-W env mRNA and protein expression. Moreover, by using specific antisense oligonucleotides, we demonstrated that inhibition of Env-W protein expression leads to a decrease of trophoblast fusion and differentiation.
MATERIALS AND METHODS
Immunohistochemistry. Normal human adult placental tissue sections were deparaffinized using standard procedures. Briefly, paraffin sections were immersed three times (5 min each) in toluene baths and three times (5 min each) in 100, 95, and 70% ethanol and then hydrated in distilled water before being subjected to tissue treatment. Antigens were retrieved by treatment in a microwave oven after immersion in MS unmasker buffer (Microm, Francheville, France) for three cycles (5 min each) at a setting of 800 W. The slides were then cooled to room temperature and stained with anti-Env HERV-W 6A2B2 monoclonal antibody (diluted 1/100) and/or anti-desmoplakin antibody (Progen) by a streptavidin-biotin staining procedure, using the ChemMate kit (DAKO).
Cell cultures. In vitro studies were performed on cytotrophoblast cells isolated from term placentas, which represent an easily accessible and relevant source of material since term trophoblasts conserve their capacity to differentiate in vitro (2, 25) . Term placentas were obtained after elective cesarean section from healthy mothers near term following uncomplicated pregnancies. Villous tissue was dissected free of membranes, rinsed, and minced in Ca 2ϩ -, Mg 2ϩ -free Hanks' balanced salt solution. Cytotrophoblast cells were isolated after trypsinDNase digestion and discontinuous Percoll gradient fractionation, using a slight modification of the method of Kliman et al. and Alsat et al. (2, 25) as previously described (15) . Briefly, the villous sample was subjected to sequential enzymatic digestions in a solution which contains 0.5% (wt/vol) trypsin powder (Difco), 5 IU of DNase I per ml, 25 mM HEPES, 4.2 mM MgSO 4 , and 1% (wt/vol) penicillin-streptomycin (Biochemical Industry) in Hanks' balanced salt solution and monitored under light microscopy. The first and/or second digestion was discarded after light microscopy analysis to eliminate syncytiotrophoblast fragments, and the following four or five sequential digestions were kept. The cells collected during these last digestions were purified on a discontinuous Percoll gradient (5 to 70% in 5% steps). The cells which had migrated in the middle layer (density, 1.048 to 1.062 g/ml) were plated onto culture dishes (10 6 cells/cm 2 ) and 3 h later were carefully washed three times with culture medium. Following this procedure, we determined that at 3 h of culture, 95% of the cells isolated from term placentas are cytotrophoblasts as determined by a cytokeratin 7-positive staining, using a specific monoclonal antibody (dilution, 1:200 [DAKO] ). The cells were plated in triplicate either on glass slides for immunocytochemistry studies or onto 60-mm culture dishes (10 6 cells/cm 2 ). They were cultured in 3 ml of Dulbecco's modified Eagle's medium supplemented with 25 mM HEPES, 2 mM glutamine, 20% heat-inactivated fetal calf serum, and antibiotics (100 IU of penicillin per ml and 100 mg of streptomycin per ml). The dishes were maintained at 37°C in humidified 5% CO 2 . Cell staining. To detect desmoplakin, cultured cells were rinsed with phosphate-buffered saline (PBS), fixed, and permeabilized in methanol at Ϫ20°C for 25 min. A monoclonal anti-desmoplakin antibody (1/400; Sigma) was then applied, followed by fluorescein isothiocyanate-labeled goat anti-mouse immunoglobulin (Sigma), as previously described (3, 17) .
Syncytium formation assay. Syncytium formation was monitored by observing the distribution of desmoplakin and nuclei in cells after fixation and immunostaining as previously described (24) . The staining of desmoplakin present at the intercellular boundaries in aggregated cells progressively disappears with syncytium formation (3, 12) . Cell nuclei were counterstained with 4Ј,6-diamidino-2-phenylindole (DAPI)-containing mounting medium (Vectashield). From a random point near the middle of the coverslips, the nuclei contained in 100 desmoplakin-delimited syncytia were counted. Three coverslips were examined for each experimental condition. The results are expressed as a function of nuclei number per syncytium.
Hormone assay. The hCG concentration was determined in culture media by using the chemiluminescent immunoassay analyzer ACS-180SE system (Bayer Diagnostics). The assay sensitivity was 2 mU/ml. All values are given as means Ϯ standard error of the mean (SEM) of triplicate determinations.
RNA isolation and analysis. Total RNA was extracted from cultured cells by the procedure of Qiagen (Courtabeuf, France). The total RNA concentration was determined at 260 nm, and its integrity was monitored by agarose gel electrophoresis (1% agarose). Relative mRNA levels of the different genes of interest were measured by a quantitative reverse transcription PCR assay, essentially as previously described (15), using the ABI Prism 7700 sequence detection system (Perkin-Elmer Applied Biosystems) and the SYBR Green PCR core reagents kit (Perkin-Elmer Applied Biosystems). The nucleotide sequences of the primers are listed in Table 1 . Each sample was analyzed in duplicate, and a calibration curve was run in parallel for each analysis. The level of transcripts was normalized using the RPLP0 gene (also known as 36B4), encoding human acidic ribosomal phosphoprotein P0, as an endogenous RNA control, and each sample was normalized on the basis of its RPLP0 content.
Immunoblot analysis. Cells were lysed in an ice-cold PBS containing 0.5% Triton X-100 supplemented with protease inhibitors. Incubation of the lysates at 4°C for 10 min was followed by centrifugation at 10,000 ϫ g for 10 min to pellet the nuclei. The protein concentration was determined by the method of Bradford (Bio-Rad) using bovine serum albumin as the standard. Supernatants were then frozen at Ϫ70°C until required for further analysis. Immunoblotting was performed in accordance with standard procedures. A 30-g portion of cell lysate was mixed 3:1 (vol/vol) in a 100 mM Tris HCl (pH 6.8) buffer containing 1% sodium dodecyl sulfate, 10% glycerol, and 5% ␤ mercaptoethanol, heated at 95°C for 15 min, and then loaded onto sodium dodecyl sulfate-10% acrylamide gels. After transfer, the nitrocellulose membrane was saturated overnight at 4°C in Tris-buffered saline plus 5% milk powder and 0.05% Tween 20. Immunostain- ing was performed in the same buffer with 1% milk powder. The blots were respectively probed with the following antibodies: a rabbit polyclonal anti-SU antibody (rp69) at 1/2,000 dilution or a mouse monoclonal anti-actin antibody (Immunotech, Marseilles, France) at 1/200 dilution. Rabbit anti-SU was raised against two keyhole limpet hemocyanin-conjugated peptides (unpublished data). Finally, blots were developed by using horseradish peroxidase-conjugated antibodies (Jackson) and an enhanced chemiluminescence kit (Amersham Pharmacia).
Heterologous cell-cell fusion assay. Effector cells used in the cell-cell fusion assay corresponded to XC cells, which are rat sarcoma cells (ATCC CCL-165). XC-RDR cells were derived from XC cells by transfection of the pcD3.1VHR16/4 expression plasmid (38) carrying a human cDNA encoding the RDR type D mammalian retrovirus receptor and the neomycin-selectable marker. Stable transfectants were recovered after G418 selection, and one clone was selected. XC and XC-RDR cell lines were then transfected with an expression plasmid carrying a nuclear localization signal-lacZ gene (nls-lacZ) encoding a nuclear galactosidase and the hygromycin-selectable marker. Stable transfectants were recovered after hygromycin B selection and pooled. Primary cytotrophoblasts were plated as described above. After overnight culture (3 ϫ 10 6 cells/ dish), indicator XC or XC-RDR ϩ cells (1 ϫ 10 6 /dish) were overlaid. The cells were cocultured for 72 h and then fixed and stained with anti-desmoplakin and anti-galactosidase (1/100) monoclonal antibodies as described above. Cell nuclei were counterstained with DAPI-containing mounting medium (Vectashield).
Modulation of gene expression by antisense oligonucleotides. The nucleotide sequences of the phosphorothio-oligonucleotides purchased from Eurogentec (Belgium) are listed in Table 1 . Synthetic antisense oligonucleotides targetting the HERV-W Env translation start site were designed. Analysis of the ATG region in the context of the whole 2.7-kb env mRNA previously identified (5) was performed with mfold 3.1 (29) . Analyses of duplex and hairpin formations and of the absence of cross-reactivities with related sequences were performed using oligo 6.2 (Molecular Biology Insights, Inc.). Considering the described sequenceindependent non-antisense effect of phosphorothio-oligonucleotides (18), we designed a scrambled 20-mer oligonucleotide containing 18 fully degenerated bases. Normal cytotrophoblastic cells in culture were incubated for 48 h either with 10 M HERV-W Env antisense oligonucleotide or with 10 M scrambled antisense oligonucleotide used as control.
Statistical tests. Statistical analysis was performed using the StatView F-4.5 software package (Abacus Concepts, Inc.). Values are presented as mean Ϯ SEM. Differences in the level of detection of hormonal secretions and Env-W and hCG␤ mRNA and in the mononuclear versus fused phenotype distribution (percentage of of mononuclear cells, fusion indices) were analyzed using the Mann-Whitney U test for the treated cells (8-bromo-cAMP-or env-specific antisense oligonucleotide) versus the control cells (untreated or scrambled antisense oligonucleotide); P Ͻ 0.05 was considered significant.
RESULTS
In vivo expression of Env-W. As illustrated in Fig. 1A , Env-W glycoprotein is expressed at the apical membrane of the syncytiotrophoblast layer of term and first-trimester placentas. In vitro, the differentiation-fusion of isolated human cytotrophoblast cells is currently monitored by staining cells with anti-desmoplakin antibodies to reveal cell boundaries (3, 12) . In vivo, from the second trimester of pregnancy, the density of villous cytototrophoblasts decreases. Conversely, the staining of desmoplakin present at the intercellular boundaries of aggregated cytotrophoblasts was readily detectable on the plasmatic membranes of the cytotrophoblasts from a first-trimester placenta (Fig. 1B) . The fused tissue can be evidenced by the absence of a desmoplakin signal on the syncytiotrophoblast (Fig. 1B) .
In vitro cytotrophoblast differentiation and Env-W expression. As illustrated in Fig. 2A and previously shown (2, 25) , purified mononuclear cytotrophoblasts isolated from normal human term placenta aggregate, fuse, and form a large multinucleated syncytiotrophoblast. The staining of desmoplakin present at the intercellular boundaries in aggregated cells progressively disappears with syncytiotrophoblast formation (3, 12) . At 72 h of culture, the mononuclear cytotrophoblasts are mostly differentiated into syncytiotrophoblasts. This is indicated by a gathering of numerous multinucleated cells in a large cytoplasmic mass, as revealed by cell staining. This in vitro syncytiotrophoblast formation is associated with a significant increase in hCG levels (Fig. 2B ) in conditioned media of these cultured cells (15, 25) .
A Northern blot qualitative analysis of HERV-W mRNA expression, using an env probe, showed an 8-kb transcript and an abundant 3.1-kb transcript which exhibited the characteristic features of a singly spliced subgenomic retroviral env mRNA derived from the ERVWE1 locus, as previously observed in total placenta extract (data not shown). To quantitate specific env mRNA by real-time reverse transcription-PCR, a set of primers was further designed, one of which targets the splice junction. As shown in Fig. 2C , an mRNA quantitative analysis showed that induction of HERV-W mRNA is a rapid phenomenon compared with hCG mRNA synthesis. The HERV-W mRNA signal reached a plateau as early as 24 h of culture. Conversely, the hCG mRNA induction curve showed an exponential shape from 0 to 72 h. In addition, the range of induction between the two genes is dramatically different, since an HERV-W mRNA increase of about 4 was observed at 24 h of culture, compared to increases of 20 and 100 for the hCG mRNA at 24 and 72 h, respectively. Globally, Env-W glycoprotein (Fig. 2D ) and hCG hormone synthesis exhibited kinet- ics similar to their mRNA counterparts. Although these features were observed for all tested cultures (n ϭ 4), the levels of the transcripts for Env-W and hCG␤ varied greatly from one term trophoblast primary culture to another: Env-W/Po mRNA ranged from 1.1 to 6.4 at 0 h of culture and from 4 to 26.1 at 72 h of culture and hCG␤/Po mRNA ranged from 1 to 10.1 at 0 h of culture and 55.7 to 1,150 at 72 h of culture. Similarly, hCG secretion varied from one culture to another (n ϭ 14; range, 24 to 2,100 mIU/ml/10 6 cells). The constant increase in Env-W mRNA after 72 h of culture was also found to occur during the in vitro fusion and differentiation of cytotrophoblasts isolated from early placentas. Thus, the syncytiotrophoblast formation obtained with purified mononuclear cytotrophoblasts isolated from such early placentas (39) was associated with a 3.9 Ϯ 2.9 (n ϭ 7 different cultures) increase in Env-W mRNA after 72 h of culture, similar to the 4.5 Ϯ 1.8 (n ϭ 4 different cultures) increase observed using term cytotrophoblasts (P ϭ 0.2568, Mann-Whitney U test).
In vitro modulation of cytotrophoblast differentiation and Env-W expression. We previously showed that cAMP-dependent protein kinase plays a role in human trophoblast cell fusion and differentiation (24) . As illustrated in Fig. 3A , treatment of trophoblast cells with 0.1 mM 8-bromo-cAMP led to an increase in the number and size of syncytia by fusion between cytotrophoblasts or between newly formed syncytia. This modulation of cell fusion and differentiation was associated with changes in hCG secretion (Fig. 3B ) and transcript levels (Fig. 3C) , used as markers of cell differentiation; hCG secretion and expression were significantly increased in 8-bromocAMP-treated cells compared to controls. Interestingly, we observed that Env-W transcript levels (Fig. 3C) or protein expression as detected by Western blot analysis (Fig. 3D) was similarly clearly increased in 8-bromo-cAMP-treated cells. Therefore, in vitro stimulation of trophoblast cell fusion and differentiation by cAMP was associated with a concomitant increase in Env-W expression.
Expression of functional Env-W by human trophoblast cells. To confirm that Env-W glycoprotein is functionally expressed in primary trophoblast cells, a heterotypic fusion assay was developed based on the observation than Env-W fuses cells expressing the type D mammalian retrovirus receptor (RDR) (7). Since no syncytium formation was detected with XC rat cells cocultured with HERV-W Env-transfected TE671 cells (7), XC cells were used as indicator cells in the heterotypic cell-cell fusion assay. Compared to that in parental XC cells, formation of syncytia containing both cytotrophoblast and XC nuclei was readily detected in RDR-transfected cells (Fig. 4) . This showed that the RDR-dependent fusogenic HERV-W Env glycoprotein was expressed at the surface membrane of primary cytotrophoblasts. Modulation of Env-W expression by antisense oligonucleotide and trophoblast cell fusion. Three different antisense oligonucleotides were designed on the basis of the following criteria: they overlapped the ATG codon (nucleotides 762 to 764 of Env mRNA; accession number AF072506), with the chloramphenical acetyltransferase anticodon being located near the 5Ј, central, or 3Ј part of the oligonucleotide, and they included a free 3Ј end to favor initiation of duplex formation and at least one G at both ends to stabilize DNA-RNA du- plexes (18, 35) . Analysis of the ATG region in the context of the whole 2.7-kb env mRNA (mfold 3.1) allowed precise design of the oligonucleotide borders on the basis of the above rules, notably the definition of the free 3Ј end entering a stem-loop structure. A search for false priming sites (oligo 6.2) showed that these designed HERV-W antisense oligonucleotides are almost totally unrelated to other HERV families that are highly transcribed in placenta, such as HERV-E and ERV-3 (reviewed in reference 6). An almost fully degenerated oligonucleotide was used as a control (except for one flanking G at both ends to stabilize DNA-RNA duplexes). This represents 7 ϫ 10 10 molecular species, so that its concentration at the site of action is totally insufficient to achieve any antisense or generally sequence-dependent cellular effect. Since a single base shift could induce huge differences in inhibition efficiency, antisense oligonucleotides were first evaluated in an in vitro fusion test based on cocultivation of phCMV-env-transfected TELac2 cells cocultured with indicator TE671 cells as previously described (7) . When the env-specific oligonucleotides (4.3 ϫ 10 Ϫ2 M) were simultaneously cotransfected with the phCMV-env plasmid (3.5 ϫ 10 Ϫ5 M), more than 95% inhibition of syncytium formation was observed after 30 h of coculture (data not shown); conversely, the formation of numerous syncytia containing many nuclei, similar to results of the positive-control test, was observed with the cotransfected scrambled oligonucleotide. No inhibition of syncytium formation was observed when the oligonucleotides (HERV-W specific or scrambled) were directly added to the culture medium in the absence of calcium phosphate used for transfection (4.3 ϫ 10 Ϫ2 M), showing that none of the oligonucleotides interfered with the fusion process at the cell membrane and that cellular uptake was required for efficient inhibition (data not shown). The inefficient oligonucleotide uptake by TE-rhabdomysarcoma cell lines was confirmed by fluorescence-activated cell sorter analysis by adding fluorescein isothiocyanatelabeled oligonucleotide to the cell culture. The percentage of labeled cells after 24 h was 72 and 0.3% in the presence and absence of calcium phosphate, respectively. Note that similar percentages were observed in b30 BeWo carcinoma cells (70 and 5%, respectively). Conversely, even after extensive PBS washings (consisting of pipetting up and down 15 times, repeated three times), a significant uptake of oligonucleotides was observed after 1 h with primary cells (20% of labeled cells), increasing progressively with time (26% at 2 h, 41% at 48 h) (Fig. 5A) . A preliminary experiment using all three specific env antisense oligonucleotides was then performed with primary cells in the context of the natural full-length Env transcript induced during mononuclear cytotrophoblast differentiation into syncytiotrophoblasts, as described above. The most efficient reduction of Env expression, analyzed by Western blotting, was obtained with the Env-W-758-777 oligonucleotide characterized by the longer free 3Ј end, the presence of a chloramphenicol acetyltransferase anticodon located toward the 3Ј end, and absence of a hairpin (Fig. 5B) .
A quantitative analysis of the incidence of Env inhibition on trophoblast differentiation was then performed. As shown in Fig. 6A , a clear decrease of the Env-W protein band, as measured by Western blot analysis, was again observed in extracts of Env-W antisense oligonucleotide-treated cells compared to scrambled antisense oligonucleotide-treated control cells. Interestingly, as illustrated in Fig. 6B , secretion of hCG in the culture medium of antisense oligonucleotide-treated cells was decreased by fivefold compared to that for control cells. This was apparently not due to differential cellular viability, since the total protein amount was similar for both scrambled oligonucleotide-and antisense oligonucleotide-treated cells. Nevertheless, it is not known if the decrease in secreted hCG resulted from a lower transcription-translation level or from poorer export of the hormone. The extent of syncytium formation after 48 h of culture was further assessed by determining the number of DAPI-stained nuclei in mononuclear or multinuclear fused cells and the number of syncytia by immunostaining of desmoplakin ( Fig. 6C and D) . First, the enumeration of unfused cells showed that these mononuclear cells represented the majority of the cells when the culture was treated with the antisense oligonucleotide; conversely, there were twofold fewer mononuclear cells in the presence of the scrambled oligonucleotide, with most of the cells being part of the syncytia (Fig. 6C) . Interestingly, calculation of the apparent fusion index showed a ratio of about 3 between antisense oligonucleotide-and scrambled oligonucleotide-treated cells (Fig. 6C) , higher than the ratio for mononuclear cells. This difference indicated that the effect of the Env-W antisense oligonucleotide on syncytium formation led to a decrease in the number and size of syncytia formed by fusion between cytotrophoblasts or between newly formed syncytia (Fig. 6D ). More precisely, contiguous syncytia observed in cells treated with the scrambled antisense oligonucleotide were characterized by the presence of 3 to 15 nuclei, following approximately a Gaussian distribution, with about 50% of the syncytia containing 6 to 9 nuclei. Conversely, in the presence of Env-W antisense, a skewed distribution was observed, reflecting the presence of smaller syncytia, the majority (more than 50%) of them containing only three nuclei.
DISCUSSION
Few human cell types can fuse and differentiate into multinucleated syncytia. This process is involved in the formation of myotubes (44) , osteoclasts (45) , and syncytiotrophoblast (31) . The syncytiotrophoblast is the primary site of several placental functions, including nutrient exchange, metabolism, and steroid and peptide hormone synthesis, which are required for fetal growth and development. Despite a common morphological differentiation process, the three cell types which are able to differentiate into a syncytium differ notably. The syncytiotrophoblast in situ maintains a strong polarity, with microvilli on the apical membrane, whereas myotubes do not exhibit morphological polarity. The myoblast-myotube transition first requires the withdrawal of myoblasts from the cell cycle to G 0 (25) , while cytotrophoblasts which fuse to create the syncytiotrophoblast already are essentially in G 0 . In contrast to the villous syncytiotrophoblast, osteoclasts have major locomotor activity.
The cell-cell fusion process involved in syncytiotrophoblast formation is poorly understood. In vitro studies have established that soluble factors such as epidermal growth factor (1, 32), granulocyte-stimulating factor (19) , glucocorticoids (8), estriol (10) , and hCG (9, 36) activate different intracellular signaling pathways to stimulate the differentiation of villous cytotrophoblasts into the syncytiotrophoblast. In this study we have shown for the first time that (i) an envelope glycoprotein encoded by the ERVWE1 retroviral locus is highly expressed in normal human trophoblasts, since it is observed in more than 10 primary trophoblast cultures; and (ii) this glycoprotein is FIG. 6 . Specific inhibition of HERV-W env expression reduces syncytium formation and hCG secretion. After 5 h of culture, the primary cytotrophoblasts were transfected with random (Scrambled) or HERV-W specific (Antisense) oligonucleotides. (A) Western blot analysis of Env glycoprotein in the cell lysates in the absence (Scrambled) or presence (Antisense) of HERV-W-specific oligonucleotides. Detection was done with the anti-SU polyclonal antibody and standardization using an anti-actin monoclonal antibody. (B) hCG titration in the absence (Scrambled) or presence (Antisense) of HERV-W-specific oligonucleotides. (C) After 48 h of culture, the fusion activity of the envelope glycoproteins was determined. The cells were fixed, immunostained with anti-desmoplakin monoclonal antibody, and counterstained with DAPI. Mononuclear cells were counted, and the fusion index (7) was determined as (N Ϫ S)/T, where N is the number of nuclei in the syncytia, S is the number of syncytia, and T is the total number of nuclei counted. Results are expressed as percentages of the fusion indices. (D) Large syncytia were observed using random oligonucleotide (scrambled), and smaller ones were observed using HERV-W-specific oligonucleotides (antisense). The nucleus distribution was evaluated as followed: 100 syncytia were scored after staining, and the nuclei were counted in each syncytium. Data from one representative experiment are expressed as the distribution of syncytia as a function of the number of nuclei per syncytium. Three coverslips incubated in separate wells of a six-well microplate were observed (means and SEM) for each incubation condition. *, P Ͻ 0.05.
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directly involved in human trophoblast cell fusion and differentiation. Indeed, direct inhibition of this retroviral envelope protein inhibited trophoblast cell fusion. Thus, the large amount of remaining unfused (mononuclear) cells in the presence of the specific Env-W antisense oligonucleotide may argue for involvement of the envelope glycoprotein in the initial steps of the trophoblast fusion process. However, due to the complex multifactorial mechanisms involved in syncytiotrophoblast formation, we cannot exclude that other, still unidentified factors might also be directly involved in trophoblast cell fusion. The cellular processes leading to syncytium formation are associated with a concomitant increase in the intracellular level of cAMP (24) . This elevation in cAMP levels is required for the synthesis of numerous specific trophoblast proteins and hormones. We also have reported a direct role for cAMP-dependent protein kinases in simulating cytotrophoblast fusion (24) . Interestingly, in this study we observed that HERV-W mRNA and protein expression was also stimulated by cAMP. This could suggest a direct effect of this nucleotide on the promoter of the ENV-W gene.
On the other hand, we and others have observed that cytotrophoblast fusion and differentiation are inhibited by hypoxia. Similarly, the histological abnormalities of term placentas in pregnancy associated with underperfusion and hypoxia, such as in preeclampsia, are characterized by cytotrophoblast prominence and abnormalities in syncytiotrophoblast differentiation. Interestingly, recent studies have shown that syncytin mRNA was poorly expressed in these pathological placentas (26), confirming that Env-W expression might reflect syncytiotrophoblast formation.
The results presented in this report strongly support a direct role for Env-W in syncytiotrophoblast formation. Nevertheless, the phylogenetic distribution of HERV-W sequences indicates that its ancestor entered the genomes of higher primates 25 million to 40 million years ago, after the divergence of Old World and New World monkeys (42) . Thus, the ERVWE1 locus encoding the Env fusogenic glycoprotein is a young element in the genome. It is possible (and this is our working hypothesis) that this element has become a bona fide gene, i.e., has been positively selected during primate evolution to play a role in placentation. However, it is also possible that this locus is a still active pseudogene in the process of extinction and that its activity in the syncytiotrophoblast formation is simply a remnant of its original function for the propagation of retroviruses but that it has no real physiological role. To rule out this latter hypothesis, it is necessary to show the functional conservation of the ERVWE1 locus among the human species and during primate evolution. If this locus is indeed under selective pressure in human and other primates, it will be challenging to try to understand if this acquisition represents an additional adaptative or substitutive mechanism (21, 41) , considering the extreme diversity of the placental structures observed in nature.
